Background and Objectives: The transplantation of human umbilical cord blood cells (hUCBCs) has been shown to attenuate the unregulated activation of microglia in a rat model of cerebral palsy (CP). To investigate whether hUCBCs transplantation is also anti-inflammatory in humans, we performed a clinical trial in patients with CP. Methods and Results: Allogeneic or autologous hUCBCs and erythropoietin (EPO) were intravenously injected into human patients with CP (mean age of approximately 38 weeks), and patients were analyzed for their motor function and social behavior. Blood samples were tested for cytokine levels. The most surprising finding in the study was that the cytokine levels were dependent on the donor cell source (allogeneic or autologous). Interestingly, the allogeneic treatment group demonstrated significantly decreased levels of pro-inflammatory factors, such as IL-1α, IL-6, TNF-β, and RANTES, and showed a statistically significant improvement in motor and social behavior compared to the autologous treatment group. Conclusions: Given that inflammation plays a pivotal role in CP, our results suggest that allogeneic hUCBCs therapy may be an appropriate strategy for CP treatment. In addition, prior to transplantation, a detailed analysis of the amount of proinflammatory cytokines in cord blood may be needed to avoid exacerbating inflammatory responses.
Introduction
Inflammatory responses have been suggested to play a major role in central nervous system (CNS) diseases during the perinatal period and may contribute to brain impairment in conditions such as neonatal encephalopathy or cerebral palsy (CP). In particular, a majority of studies have reported that high levels of cytokines are associated with CP (1-3). Pro inflammatory cytokines have negative effects in specific brain injuries (4) (5) (6) . Molecules of inflammation, such as cytokines might be major mediators in neonatal brian injury. Proinflammatory cytokines, IL-1β, TNFα, IL-6, are exacerbated in neonates with perital asphyxia, maternal infection (1, 3, 7) and in rat stroke (8) . Chemokines, IP-10/CXCL10 concentration was higher in rat cerebral ischemia and human stroke (9, 10) . This result indicates that these cytokines/chemokines and their receptors, have been associated in pathogenesis of cerebral palsy and stroke. Therefore, immune modulation strategies are most therapeutics for neuroprotrection in perinatal brain lesions, and also must consider continuously and accurately maintenance of this balance in their molecular environment. Given that there seem to be an apparent difference clinically between animal model and patients with CP, we can expect the effects of hUCBCs in human that is not same as those seen in animal model. In clinical trials, hUCBCs (allogenic or autogenic) were injected intravenously into patient and blood samples were analyzed for cytokine and chemokine related to CP.
Materials and Methods
Case study of hUCBCs transplantation in seven children with CP There were two groups in the current human case study: the autologous transplantation group and the allogeneic transplantation group. For the allogeneic hUCBCsinfused group, three enrolled children diagnosed with severe CP were randomly selected among the children enrolled in an ongoing large human trial, " GMFM, GMPM, MMT and social function and mobility tests Five observational tests were performed to assess children with cerebral palsy pre-and post-transplantation.
GMFM (gross motor function measure): The aim of this test is to examine gross motor function over time. The items in the GMFM questionnaire were measured by observation and scored on a scale of 0 (does not initiate), 1 (initiates), 2 (partially completes), 3 (completes) , and NT (not tested). The items were divided into 5 dimensions according to the purpose of each question: A. walking, running and jumping; B. sitting; C. crawling and kneeling; D. standing; and E. walking, running and jumping.
GMPM (gross motor performance test): This test was carried out to measure dissociated movement, coordination, alignment, and weight shift and stability, which are affected in children with CP. Based on the observations, the items in the GMPM questionnaire were scored on a scale of 1 (severely abnormal), 2 (moderately abnormal), 3 (mildly abnormal), 4 (inconsistently normal), and 5 (consistently normal).
MMT (manual muscle testing): This procedure is designed to evaluate the tone and strength of limb muscles by examining the performance of each muscle in response to gravity and manual resistance.
Social function and mobility test: For this test, parents were asked to fill in a questionnaire about the social function and mobility of their children. The items in the questionnaire were scored on a scale of 0 (the child was not able to perform the task) and 1 (the child was able to perform the task).
Statistical analysis
Statistical analyses were conducted on a CHA University mainframe computer using the Statistical Analysis System (SAS; SAS Korea Inc., Seoul, Korea), version Enterprise 4.0. For the human blood sample and demographic data, the nonparametric analysis method was used since the assumptions of normality were not met due to the small sample size. Differences in gestational age, neonatal body weight, TNC (×10 8 ), weight, and age between the allogeneic and autologous treatment groups were analyzed using the Wilcoxon rank sum test. Differences in the EPO levels and IGF values between the allogeneic and autologous groups were analyzed using the Wilcoxon rank sum test, and changes in the variables within the allogeneic and autologous groups were analyzed using the Wilcoxon sign test. Differences in the levels of EGF, eotaxin, FGF-2, Flt-3 ligand, fractalkine/CX3CL1, granulocyte-colony stimulating factor (G-CSF), granulocyte macrophage-colony stimulating factor (GM-CSF), GROα/CXCL1, interferon (IFN) α2, interferon (IFN) γ, interleukin (IL)-1α, IL-1 β, IL-1 receptor antagonist (IL-1ra), IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8/CXCL8, IL-9, IL-10, IL-12(p40), IL-12(p70), IL-1,3 IL-15, IL-17, IP-10/CXCL10, monocyte chemotactic protein (MCP)-1/CCL2, MCP-3/CCL7, MDC/ CCL22, macrophage inflammation protein (MIP)-1α /CCL3, MIP-1β/CCL5, platelet-derived growth factor (PDGF) -AA, PDGF-AB/BB, RANTES/CCL5, sCD40L, sIL-2Rα, transforming growth factor (TGF)α, tumor necrosis factors (TNF)α, TNFβ, and vascular endothelial growth factor (VEGF) between the allogeneic and autologous groups were analyzed using the Wilcoxon rank sum test. Significance was assigned at the p＜0.05 level. Correlations between changes in interleukin levels and social function scores were analyzed using Pearson's correlation coefficient.
Results
There was a significant difference in the gestational age between the two groups (p＜0.04). The mean gestational age of the allogeneic group was 39 weeks (n=3), while for the autologous group it was 35 weeks (n=4). There were no significant differences in birth weight, the number of nucleated cells (TNC), or the age of the patients between the two groups (see Table 1 ). The EPO and IGF1 concentrations in patient plasma were analyzed before and after treatment with EPO. As shown in Table 2 , there were no significant differences in the levels of EPO and IGF1 preand post-treatment between the allogeneic and autologous groups (p＜0.59 for EPO; p＜1.00 for IGF1). Blood was taken from each patient twice, the day before transplantation and the day after transplantation. Table 3 shows the difference in the levels of cytokines and chemokines in the serum of patients with CP pre-and post-allogeneic (n=3) or autogenic (n=4) transplantation. There was no difference between pre-and post-transplant con centration of total protein in the both groups (Fig. 1) . However, there were significant group differences in the levels of five cytokines, IL-1α, IL-6, IL-15, RANTES, and TNF-β, among the 42 factors measured. The concentrations of the pro-inflammatory cytokines IL-1α and IL-6 were significantly decreased 24 hrs after transplantation in the allogeneic group, whereas these factors increased following treatment in the autogenic group. The differences (Post cytokine levels-pre cytokine levels) in IL-1α and IL-6 at the two time points were as follows: 1) allogeneic IL-1α, −4.75±5.54; autogenic, 8.74±16.02 .05). In contrast to this trend, the levels of IL-15 pre-and post-transplantation changed in the other direction, such that the autogenic group showed decreased IL-15 levels 24 hrs after transplantation, whereas the allogeneic group showed increased IL-15 levels (2.01±0.5 for the allogeneic group and −3.01±4.02 for the autogenic group, a p＜0.05). In addition to the cytokines mentioned above, our data suggest that four other cytokines decreased in the allogenic group. Even though the differences were not statistically different, the levels of CCL4/MIP-1b, IL-5, CCL3/MIP-1α, and sCD40L, were lower in the serum of the allogenic group after transplantation than in that of the autologous group [CCL4/ MIP-1b, −246.99±336.28 for the allogeneic group and 21.1±43.53 for the autologous group (p＜0.11); IL-5, −0.21± 0.36 for the allogeneic group and 0.2±0.23 for the autologous group (p＜0.17); CCL3/MIP-1α, −950.92± 1,237.62 for the allogeneic group and −1.34±3.49 for the autogenic group (p＜0.19); and sCD40L, −99.2±171.81 for the allogeneic group and 1084.92±891.66 for the autologous group (p＜0.19). In the autologous group, the levels of MIP-1alpha and MIP-1beta tended to show an increase, whereas the allogeneic group experienced relatively decreases in the levels of these cytokines post-treatment. A similar trend was seen for IL-5. These chemokines and pro-inflammatory cytokines are upregulated under pathogenic conditions. Given that cord blood from a child with CP may have been derived from a more inflammatoryprone environment (11), it is plausible that autologous treatment augments the levels of pro-inflammatory cytokines and chemokines that are upregulated during inflammation whereas allogeneic treatment exhibited a pattern opposite to the autologous group, suggesting that allogenic treatment alleviated inflammation responses. The allogeneic (n=3) and autologous (n=4) groups were subjected to GMFM, GMPM, MMT, and social function and mobility tests to quantify changes in behavior over time. For each test, a higher score indicates that the subject showed better performance. The five observational instruments were carried out pre-and post-transplantation. For the GMFM and social function tests, there was a significant difference in test scores pre-and post-transplantation in the allogeneic group ( b p＜0.001 for GMFM; c p＜0.01 for social function, Table 4 ). However, no significant differences were observed in the autologous group, indicating that only the allogeneic transplantation group exhibited an improvement in GMFM and social interaction after transplantation. Scores in the social function test were correlated with pro-inflammatory cytokines levels. For the autologous group, three out of four patients showed a high level of pro-inflammatory cytokines and a low score in the social function test, whereas for the allogeneic group, all three patients exhibited a low level of pro-inflammatory cytokines and a high score in the social function test (Fig. 2 A∼E) . After excluding data of one patient that displayed the opposite pattern to other three patients in the autologous group (Fig. 2 , a strong positive correlation was found between improved scores in the social function test and changes in IL-6 and TNF-α levels in the autologous group, according to the lines of best fit (Pearson's correlation coefficient=1.000 and p=0.007 between the interleukin 1α level and the score in the social function test, and Pearson's correlation cpoefficient=0.99 and p=0.05 between the TNF α level and the score in the social function test) (Fig. 2F∼J) . It is important to note that the higher scores in the social function test were correlated closely with the lower levels of cytokines in the allogeneic groups (Fig. 2F∼J) . The differences between the groups for the other tests (GMPM, MMT, and the mobility test) were not statistically significant, although the scores tended to increase Fig. 2 . Correlation between scores in the social function test and cytokine levels and distribution of differences in sores of social function test after transplantation in a box plot: Each dot indicates a patient (an open circle indicates a patient in the autologous group and a filled circle indicates a patient in the allogeneic group). The scatter plot in the upper panel shows the relationship between scores in the social function test and changes in the levels of cytokines after cell transplantation. For the autologous group, three out of four patients showed a high level of pro-inflammatory cytokines and a low score in the social function test, whereas for the allogeneic group, all three patients exhibited a low level of pro-inflammatory cytokines and a high score in the social function test (A-E). As shown in the box plot of social function scores (K), since difference in the social function score (post--pre transplantation score) of one patient in the autologous group is almost equal to 95th percentile (95th percentile=10.69, this patient score=10.2) and showed no or relatively small changes of inflammatory cytokines after transplantation (0 pg/ml for IL-1α; 0 for IL-6; -1.15 for IL-15; and 0 for TNF-β), an additional correlation analysis was performed without this one patient. After excluding data of one patient that displayed the opposite pattern to other three patients in the autologous group, a strong positive correlation was found between improved scores in the social function test and changes in IL-6 and TNF-α levels in the autologous group, according to the lines of best fit (Pearson's correlation coefficient=1.000 and p=0.007 between the interleukin 1α level and the score in the social function test, and Pearson's correlation coefficient=0.99 and p=0.05 between the TNF-α level and the score in the social function test) (F-J). It is important to note that the higher scores in the social function test were correlated closely with the lower levels of cytokines in the allogeneic groups (F-J).
following transplantation irrespective of whether the patients belonged to the autologous or the allogeneic group.
Discussion
Our data suggest that, in CP patients, differences in the levels of inflammatory cytokines pre-and post-hUCBCs transplant depend on whether the cells are allogeneic or autologous. Allogeneic treatment significantly reduced the levels of proinflammatory cytokines, such as IL-1α, IL-6, RANTES, and TNF-β, in serum compared to the autogenic group. Consistent results were observed in the changed concentrations of CCL4/MIP-1β, IL-5, sCD40L and MIP-1 after transplantation, although the values were marginally significant (Table 3) . High levels of pro-inflammatory cytokines in cord blood have been implicated in neonatal brain damage, such as that which occurs in CP or premature birth. More specifically, the levels of proinflammatory cytokines, such as IL-1β, TNF-α, and IL-6, are higher in neonates with perinatal asphyxia or following maternal infection (1, 3, 7) . It seems probable that cord blood from neonates with CP has relatively higher levels of inflammatory-related cytokines than cord blood from allogeneic sources, and therefore the levels of inflammatory factors in blood depend on the cell donor's health status (3, 11) . Our finding that the levels of inflammatory factors in the blood of the autologous group were significantly higher than those in the allogeneic group is somewhat expected, since the autologous hUCBCs were isolated from newborn children with CP, while the allogeneic cells were from normal neonates. This result further suggests that it may be important to give serious consideration to screening hUCBCs carefully before transplantation to eliminate risk factors that would aggravate CP symptoms, such as inflammatory cytokines. Taken together, our data demonstrate that the levels of pro-inflammatory cytokines such as IL-1α, IL-6, TNF-β and RANTES were decreased more in the allogeneic treatment group than in the autologous group. We observed a significant improvement in the allogeneic group in 2 out of 5 behavioral and social tests compared to the autologous group, suggesting that allogeneic or proinflammatory cytokine-screened cells may more efficiently treat CP. However, it could be argued that the better outcome in the allogeneic group might be due instead to the significant difference in gestational age between the two groups (39.67±0.33 vs. 35.75±0.85; allogeneic and autologous, respectively), given that the pregnancy period is an important determinant of developing CP, even though the diagnosis of the disorder requires the consideration of multiple factors (12) . Injection of the immuno-suppressant, cyclosporine, may also decrease inflammatory factors in the allogeneic group. However, it is not likely that the cyclosporine is a contributing factor to produce better outcomes in the allogeneic group compared to the autologous group as cyclosporine has been known to be implicated in neurotoxicity, especially in pediatric patients (13) .
These data strongly suggest that in case of infants born prematurely, the source of stem cells for therapy should be selected with extreme care. The number of neonates with CP studied in our analysis, however, was not enough (n=7) to obtain definite results, and further studies with a larger sample size are needed. There may be a potential interaction between cord blood cells and EPO such that EPO primes the damaged brain for the therapeutic effect of hUCBCs. More research is needed to elucidate a combination effect between cord blood cells and EPO in treating patients with CP effectively. Given that cord blood from a child with CP may have been derived from a more inflammatory-prone environment (11) , it is plausible that autologous treatment augments the levels of pro-inflammatory cytokines and chemokines that are upregulated during inflammation whereas allogeneic treatment exhibited a pattern opposite to the autologous group, suggesting that allogeneic treatment alleviated inflammation responses. In summary, the analysis of serum from children with CP showed that the levels of pro-inflammatory cytokines were significantly higher in the allogeneic group than the autologous group after transplantation, suggesting that allogeneic hUCBCs therapy may be an appropriate strategy and should be evaluated in further human clinical trials.
